The rate of CO 2 emissions concentration in the atmosphere increases the likelihood of significant impacts on humankind and ecosystems. The assumption that permissible levels of greenhouse gas emissions cannot exceed the global average temperature increase of 2 º C in relation to pre-industrial levels remains uncertain. Despite this uncertainty, the direct implication is that enormous quantities of fossil fuels have, thus far, wrongly been counted as assets by hydrocarbon firms as they cannot be exploited if we want to keep climate under certain control. These are the socalled "toxic assets". Due to the relation-ship among CO 2 emissions, GDP, energy consumption, and energy efficiency, the concept of toxic assets can be transferred to toxic income, which is the income level that would generate levels of CO 2 emissions incompatible with keeping climate change under control. This research, using a simulation model based on country-based econometric models, estimated a threshold for income per capita above which the temperature limit of 2 º C would be surpassed. Under the business as usual scenario, average per capita income would be $14,208 (in constant 2010 USD) in 2033; and under the intervention scenario, which reflects
Introduction
There is a high degree of scientific consensus regarding to the level of global warming that is causing climate changes. Global mean temperature rise, due to CO2 and other greenhouse gases (GHG) concentration levels in the atmosphere, should not exceed 2 ºC from pre-industrial times. The agreement on this value was reached at the Conference of the Parties (COP) 16 , held in Cancún in 2010 [1] . This political target was established based on several studies [2, 3] , which had calculated the first estimation of the emission reductions needed. That threshold has been subject to some criticism and revision, even by the very same authors that helped to define it. To keep the temperature below 2 ºC [1] [2] [3] [4] , the emission reduction in 2020 was estimated to be around 25-40% comparing to 1990 baseline levels, and 50-80% for 2050. One of the reasons for this skepticism is the high level of uncertainty involved to reduce emissions [5] . Scientists also estimate the critical threshold for CO2 concentration levels in the atmosphere to be within 450 and 500 ppm of CO2 based on the 2 ºC rise [2] (parts per million (ppm) is the ratio between the number of molecules in a gas and the number of molecules in dry air [6] ). Above this level, impacts on global climate regulation would be irreversible. These approaches have also been contested by some authors [7] who doubt the usefulness of the concept of climate stability. Only a holistic approach (economic, social and environmental) in the international context can avoid the major ecological disaster humanity has been facing in the last centuries, originated by global warming and climate change.
The level of CO2 emissions, and therefore the concentration in the atmosphere, depends on energy consumption, mostly composed of fossil fuels. Since energy consumption is strongly linked to economic growth and Gross Domestic Product (GDP), as shown by several studies [8] [9] [10] [11] , the existence of a critical threshold for greenhouse gases in the atmosphere could imply the existence of a critical level for fossil fuels and therefore, for income. Above that level, we would interfere with climate regulation. One could argue that the link between energy consumption and GDP alone is not enough, as the world could change its energy mix towards low-carbon options. In fact, there is an ongoing debate about this issue. On the one hand, there are economies decarbonizing prior to 1990, although at only 0.3% per year [12] . This is the case for China and some other economies. A structural decomposition analysis for China found that the country had reduced carbon intensity especially due to structural changes in the economy and through the substitution of energy sources [13] . However, total emissions kept growing in the analyzed period. The same approach was used for the Baltic countries, finding improvements only in carbon intensity but not in total carbon emissions [14] . This optimism is shared by other authors who assert that well-being could be decoupled from energy consumption and carbon emissions [15] .
On the other hand, some authors [16] show how carbon emissions have been rising by more than 2% per year since 1990, and the carbon intensity reductions, agreed in the Copenhagen pledges, would easily be surpassed by GDP growth rates. South Korea is a great example of a fast-growing country increasing its carbon intensity [17] . Some other authors [18] are skeptical about decarbonization approaches and question some of the assumptions made in mitigation models, which tend to discontinue the relation between energy consumption and GDP, i.e., leapfrogging. The authors, however, point out that historical and current trends do not support those assumptions, making leapfrogging less likely. Decarbonization is needed, but it will be costly [19] and it should go along demand-side measures such as establishing caps for energy consumption [20] . However, despite the literature discussed above and the ongoing discussions in policy and academic forums, nowadays the world is not experiencing a process of decarbonization, as shown in Figure 1 . In the 44 years period from 1971 to 2014, the link between energy use and carbon emissions has remained close. In the period 1971-1980, world energy consumption increased, on average, at 2.4% per year, while CO 2 emissions increased at a yearly rate of 2%. Despite of the advances in energy efficiency and in the share of renewable sources, CO 2 emissions have increased in relative terms with respect to energy consumption. This result is in line with the work of some authors [22] who found that a scenario of no climate change or no technology transfer fits better with historical trends for India, the USA and Europe. Therefore, by considering the link between energy and carbon emissions, as well as between energy consumption and GDP as stated above, this research did not enter the discussion of decarbonization directly, but included it in two ways: (i) by considering the improvements in energy efficiency that can come with the transfer of technology; and (ii) by accounting for recent voluntary commitments, the so-called Intended Nationally Determined Contributions (INDC), presented in the Paris Agreement in the COP21 that took place in Paris in December 2015.
TOXIC INCOME AS A TRIGGER OF CLIMATE CHANGE
This research relied also on the approach of contraction and convergence (C&C), introduced in 1996 by Aubrey Meyer at the Global Commons Institute in the UK [23] [24] [25] . The main idea of the approach is that we could consider the atmosphere as global commons to which every individual would have the same right of access. That would imply having the same right to emit greenhouse gases. Under this approach, global emissions should be distributed among countries in a per capita egalitarian way, taking as a reference one base year, for instance 2014. The goal would be that emissions per capita would be equal for all countries in a target year, for example 2050. This would imply that countries with emission levels above their target would need to reduce their levels, so that every country would converge to the equal per capita level defined for the final year.
Due to the relation between CO 2 emissions, GDP, energy consumption and energy efficiency, a certain level of income could be understood as toxic when it is accompanied by a level of CO 2 emissions incompatible with keeping climate change under certain control.
This new concept is regarded as useful for understanding human-nature relations. Moreover, it helps in understanding income inequality among nations. To test the concept, a simulation model was designed that estimates, under certain assumptions or parameters, the year in which toxic income would be reached. This exercise is not exempt from limitations, the main one being that the level of uncertainty increases as the period simulated increases. However, this limitation is only relative in the sense that the interest does not lie on the particular value for toxic income but on its dynamics over time.
Toxic Income
Conventional economic theory asserts that one of the main goals of economic policy is to increase the income level [26] . For instance, the axiom of non-satiation preferences assumes that more is better; but this is not necessarily true, as higher consumption levels imply higher environmental impacts, as in the case with CO 2 emissions. Under this consideration, one could ask if a particular level of income could be considered "toxic" in the sense that it could induce to CO 2 emissions incompatible with climate regulation.
According to accounting rules, oil companies usually record among their assets oil and coal reserves valued at market prices. This helps companies to increase their total assets: the more reserves a company has, the wealthier that company is. However, what would happen if all those reserves were extracted and burnt?
One of the clearest and most updated answers to that question is found in [27] . According to the authors, maintaining temperature rise below 2 ºC implies that we have to keep in the ground one third of current oil reserves, half of natural gas reserves, and 82% of coal reserves until year 2050. The implication of this is that hydrocarbon companies are accounting in their books some toxic assets, and therefore their balances can be questioned [28] .
When speaking of income, we are referring to a distribution of per capita income, since not all countries have the same levels of per capita income, and even within each country disparities on income arise. Future income distribution depends on the different growth trajectories of each country. In a simplified way, the fastest-growing countries are the upper-middle income countries, followed by the low-middle income countries, with high-income and low-income countries lagging behind. These different rates of growth are modifying the distribution of (toxic) income.
Generally speaking, increases in economic income might be harmful for the environment, but there are actions of effective decarbonization and distributive improvements. Other factors that affect the determination of toxic income are energy efficiency (GDP/energy consumption) and carbon intensity (CO 2 emissions/GDP). Both variables are closely related to the degree of technological development of a country and the economic structure of a country, as shown, for instance, by York et al. [29] . In a very simple way, with more technology we can find less energy consumption and less CO 2 emissions in relative terms. Similarly, in a very simplified way, we can say that industrial economies have higher levels of emission of pollutants than agrarian or services economies. Of course, we have to consider the levels of affluence or intensity of consumption. The Jevons' paradox also works here, i.e., efficiency improvements can lead to a reduction in prices and, therefore, to an increase in consumption that ends up with higher total levels of consumption (and emission of pollutants) per capita [30] .
Finally, the uncertainty mentioned above about the critical thresholds of CO 2 concentration of greenhouse gases (GHG) (CO 2 , CH 4 , N 2 O, HFCs, PFCs and SF 6 ) induces a high degree of uncertainty in the distribution of toxic revenue.
Thus, the toxic income would be the per capita income distribution that would generate levels of GHG emissions incompatible with the maintenance of climate change under control. Thus, toxic income depends on the atmospheric concentration of GHG, which depends on population, consumption levels, economic growth trajectories of different countries, energy efficiency, carbon intensity and physical conditions. The toxic income is also a dynamic concept as it depends on the changes in these different variables over time.
Data
Data sources used to estimate toxic income are the following: "World Development Indicators" (WDI) database of the World Bank [21] ; "World Population Prospects" of the United Nations, Department of Economic and Social Affairs, Population Division [31] ; and the European Environment Agency (EEA) [32] . We selected the following series: population [21, 31] , total and per capita energy consumption, total and per capita CO 2 and GHG emissions, total energy consumption, total and per capita real GDP (base year 2010) [21] and atmospheric greenhouse gas (GHG) concentrations (EEA) [32] . World Bank' s income groups were used for grouping countries: low income, middle income (lower and upper) and high income.
Tables 1-5 describe the global framework for the variables mentioned above: population, GDP, CO 2 emissions and energy consumption, grouped by income levels. Tables 1-5 present a reality in the world with high levels of inequality in income levels, CO 2 emissions, energy consumption, and energy efficiency, with gaps between countries that seem difficult to reduce. For instance, the high-income group of countries represents 16.2% of world population, while is responsible for 65.5% of world GDP, 35.7% of CO 2 emissions, and 42.2% of energy consumption, and they have an average energy efficiency of 8.62 $/koe. On the other hand, countries of the lower middle income category represent 40.3% of world population, but they only generate 7.8% of world GDP, 11.9% of CO 2 emissions, and 14.3% of world energy consumption, and they do have a much lower energy efficiency at only 3.04 $/koe. In other words, an average citizen of a high income country has an average GDP 20.9 times higher, emits 7.3 times more CO 2 , and has an energy consumption eight times higher than an average citizen of a lower middle income country. Moreover, energy efficiency is also 2.8 times higher in high income countries.
Data in

Methodology
Even though projections for CO 2 emissions considering a number of future scenarios by the Intergovernmental Panel on Climate Change (IPCC) exist, to estimate toxic income, we need projections that establish a parametric relation between CO 2 emissions, GHGs and income (measured by GDP). This is why econometric models were used to establish the relation between the variables. In a country-base way, the following econometric models were applied:
Linear model: CO2 t =β 0 +β 1 y t +β 2 E t +ε t Linear spline model: CO2 t =β 0 +β 1 y t|y0 +β 2 y* t|y0 +β 3 
E t +ε t
Quadratic spline model: CO2 t =β 0 +β 1 y t|y0 +β 2 y 2 t|y0 +β3y* t|y0 +β 4 
Where t is the time index; CO 2t is per capita CO 2 emissions; y t is per capita GDP in year t; y 0 is the income threshold between the two sections of the regression; E t is energy efficiency defined as: GDP/energy consumption; and ε t is the stochastic error with mean value of zero and constant variance. Without accounting for energy efficiency, these models allow expressing several functional forms for the relation GDPpc-CO 2 pc emissions: positive or negative linear function (or spline), environmental Kuznets curve (EKC) (inverse-U or inverse-V), and weak environmental Kuznets curve (Γ-curve or N-curve, that is, inverse-U or inverse-V shape, followed by a constant, positive or negative trench). These functional forms allow adjusting data in a very acceptable manner as well as creating long-term projections (20-30 years) for the dependent variable (CO 2 pc).
The traditional EKC presents an inverted U-shaped empiric relation between income and pollution. In theory, higher income causes at first an increase in environmental impact, while this is reduced when income reaches a certain value. The peak of the inverted U is the inflection point of pollution. In the weak version of the EKC, once the inflection point is reached, pollution does not decrease but remains stable for a good review of the EKC, see [33] .
To get an econometric model for a specific country, the following procedure was used.
1. First, we verified that emissions per capita and income per capita were co-integrated. For all countries, both time series were integrated of order 1, I(1), with the exception of China, whose time series were integrated of order 2, I (2) . Then, the parameters were estimated using ordinary least squares (OLS). All econometric equations generated stationary residual at 5% level except for China and the Democratic Republic of Congo, whose residual were stationary at 10% level of significance. Therefore, the estimated parameters by OLS continued having good properties. In fact, the estimators were super consistent; they converged to the true value at a rate 1/T, instead of the habitual convergence ratio 1/ √T [34] . 2. For low income countries, we applied only the linear model; for lower-middle income countries, we selected between the linear and the linear spline model. In both cases, the assumption is made of a positive relation between CO 2 emissions and income. For upper middle and high income countries, we selected among the three models. The final section of the econometric function may have a positive, negative, or null slope, for those countries. The selection of the final model to be used was linked to the lowest value for the Akaike Informa-tion Criterion (AIC). 3. In the case of spline regression models, for each value of income, y t , a regression was estimated, and then the income threshold y 0 was computed minimizing the Akaike information criterion, that is, y 0 = min AIC. yt 4. Additionally, errors autocorrelation was verified. In the presence of autocorrelation, the correction term AR (1) was applied. 5. Finally, we only included countries with a coefficient of determination R 2 larger than 0.6.
We ended up with 76 countries, which make up 76.7% of world's population and 76.9% of world's CO 2 emissions. A summary of the number of countries per income level and the resulting econometric regressions is presented in Table 6 . Low income countries have a real problem of data availability. Only 10 out of 31 countries included in this group have complete time series for energy consumption in the period 1971-2014. Data on variables such population, GP and CO 2 emissions are complete. The outcome was that half of these countries show deficient econometric adjustments. This is also due to their lack of a strong industrial sector, which implies the link between GDP per capita and CO 2 emissions per capita is not clear. There may also be problems with the reliability of data. However, the use of 5 out of 31 countries belonging to this group does not generate an important bias to our results. This is explained as follows:
(1) the group of low income countries represents a small share in global CO 2 emissions (0.4%, see Table 3 ) and global income (0.5%, see Table 2 ); and (2) the econometric results are extended to the income group by means of expansion factors. In 2014, these five countries represented 25.4% of population, 38.2% of CO 2 emissions and 17.7% of income of their group, therefore the possibility of a bias is reduced.
As an example, the results of the parameters estimated for the USA, China, India and Ethiopia are shown in Table 7 . The estimate for toxic income was carried out through a simulation model that estimates the values of the variables for the period 2014-2040. GDP per capita and energy efficiency were projected using the values in the base year and applying growth rates. Those rates were established according to the simulation scenario. On the other hand, population projections were taken from United Nations Population Division.
The estimation of CO 2 emissions, greenhouse gases (GHG) and toxic income is described t values between parenthesis. * Autocorrelation error model.
The estimate for toxic income was carried out through a simulation model that estimates the values of the variables for the period 2014-2040. GDP per capita and energy efficiency were projected using the values in the base year and applying growth rates. Those rates were established according to the simulation scenario. On the other hand, population projections were taken from United Nations Population Division.
The estimation of CO2 emissions, greenhouse gases (GHG) and toxic income is described
The estimation of CO 2 emissions, greenhouse gases (GHG) and toxic income is described schematically in Fig The positive side of the x-axis shows time; the negative one shows total and per capita CO 2 emissions. The positive side of the y-axis plots GDP per capita and the negative, total CO 2 emissions expressed in ppm.
As time goes from t0 onwards, income per capita increases, determin-ing the per capita income Ypc locus. The econometric equation, represented graphically by the curve CO 2 pc, establishes its value depending on the per capita income and energy efficiency (this latter variable is not shown in Figure 3 ). Multiplying this value by population, total CO 2 is obtained (CO 2 locus).
A percentage of the stream emissions are captured by the biosphere (soil, oceans and vegetation) and other, the residual, remains in the atmosphere (it is transformed into a stock). This lasting CO 2 flow is expressed in ppm units by applying the corresponding conversion factor (cf locus). PPM(t) is the flow of CO 2 retained in the atmosphere and accumulated year by year to the initial stock (PPM0)-the shaded area in the fourth quadrant of Figure 3 . When the accumulated CO 2 emissions reach the critical threshold determined as PPM*, that is when the shaded area is equal to PPM*, the critical period t* is reached. Then, the critical time t* is defined by:
where PPM 0 is the atmospheric concentration of CO 2 in the base year for the simulation (year 2014). The toxic income is then defined as Y p * c where:
Income per capita in each year t, Ypc(t), is a vector containing the GDP per capita values of the m = 76 countries included in the simulation model, thus the toxic income Y*pc is really a set with m elements (Y* pc = {Y pc (t*) i , i = 1, 2, . . . , m} ).
A more refined definition of toxic income is to define it as the probability density of the income distribution over the critical period t * . These 76 countries can be viewed as a sample of all countries in the world. To account for global emissions, we used the corresponding expansion factors for each income group, which were simply calculated by the quotient between total CO 2 emissions and CO 2 emission added up for the countries in the simulation model.
For simplicity, the model in Figure 3 only shows the flow for a single country. On the other hand, the graph presents the factors that affect the result for the toxic income: (1) the world's income distribution (levels of per capita GDP for the countries); (2) the diverse paths of economic growth; (3) the relation between real per capita income and per capita CO 2 emissions (which depend on economic structure, energy sources, technology and consumption levels); (4) population and population growth; and (5) CO 2 sinks ("bad" sinks: oceans and soil; and "good" ones: forests). Thus, the estimates for the toxic income Y* pc and for the critical time t* change with the parameters and assumptions of the simulation.
Equations (1) and (2) can also be used to define the toxic input from the GHG concentration instead of CO 2 concentration. We assumed that there is a stable relation between global CO 2 emissions and global GHG emissions. For 2008-2012, the ratio of global CO 2 and GHG emissions was 0.6608. Following (IPCC, 2014), we assumed that 40% of CO 2 emissions remain in the atmosphere. For greenhouse gases (GHG), this percentage is 42% (this parameter was estimated from the equation: GHG t (ppm) = GHG t−1 (ppm) + α × GHG(t)/7.8, thus the values of GHG t are equal for the extreme years of the period 1990-2013). On the other hand, the technical coefficient to transform the flow of CO 2 emissions in ppm is 7.8 (7.8 Gigatons of CO 2 ≈ 1 ppm) [35] .
As indicated in the Introduction, there is a great deal of uncertainty about the critical level of concentrations that can lead to an increase in global average temperature and the effects that could be caused by climate change. To simplify this analysis, we took as critical threshold a concentration of 530 ppm of GHG. Mitigation scenarios reaching concentration levels of about 530 ppm of GHG are more likely than not to limit temperature change to less than 2 º C [36] .
Simulation scenarios
As is common in simulation studies, we considered two scenarios. The business as usual scenario considered that the future replicates the past, and the intervention scenario reflected the political will to change current trends for a desired future. In this second scenario, an attempt was made to reflect the results of the commitments of the COP21 meeting held in Paris in December 2015. By 15 October 2015, 147 countries presented 119 Intended Nationally Determined Contributions (INDC).
To calculate the critical time and the toxic income, data for 26 years were projected, from the base year 2014 to 2040. In both scenarios, estimated population corresponded to projections from the UN Population Division [31] .
Additionally, since the USA, China and India combined represent 52% of global emissions and the USA alone accounts for 40.7% of emissions in its income group, China accounts for 61.4% of emissions of its group and India accounts for 52% of emissions of its group, each of these countries was analyzed as if it were a group itself.
Business as usual scenario
For the Business as Usual (BaU) scenario, in the case of per capita GDP and energy efficiency (EE) growth, we used the average growth rate for the period 1992-2014. In the period 2014-2016, we used actual per capita GDP data. As USA, China and India share the greatest percentage (52%) of global CO 2 emissions, we used their own growth rates; except for China's per capita GDP growth, which was assumed to be equal to India's growth as the economic growth of China has lowered in the last years. From 2031 onwards, we assumed these countries behave the same as their income group (see Table 8 ). When the estimates for per capita CO 2 emissions trajectory decreased, according to the C&C approach, we supposed the trajectory converged to the 2012 world's mean, 5 tons per capita.
In the so-called COP21 scenario, we assumed that CO 2 emissions follow a consistent path with the proposals presented by nations at the COP21. Following the synthesis report for these INDC [37] , aggregate greenhouse gas emissions are expected to grow, when compared to 2010 levels, by 13% in year 2025 and 17% in 2030.
In this second scenario, we assumed that the abatement of CO 2 emissions was fulfilled by lessening the income growth rate and increasing energy efficiency. From 2018 to 2030, we established an ad-hoc growth rate for per capita GDP and adjust the energy efficiency growth rate to satisfy the restrictions on COP21 scenario. Specifically, we assumed that economic growth in rich countries (medium and medium-high income) is halved, India reduces its growth 1% and China grows at the same rate as India. Taking into consideration that, for lower-medium and low income level countries, the lack of growth is problematic, poor countries do not reduce their economic growth rate. From year 2031 onwards, we assumed that the changes in economic growth and energy efficiency return to their historical values (see Table  9a ,b). 
Results and Discussion
The critical period t * is reached when GHG concentration in the atmosphere reaches the threshold of 530 ppm (Figure 4 ). Under the assumptions of the BaU scenario, the critical time is t * = 2033 that is, in 14 years from the current year 2019. For the scenario COP21, the critical period is extended only by three years, until t * = 2036. The main explanation for this limited difference between the scenarios is that the level of GHG accumulated in the atmosphere until 2014 (PPM 0 , Figure 3) , as a consequence of CO 2 emissions by the current high-income countries since the industrial revolution, is quite high (GHG = 441 ppm, equivalent to 83% of the threshold of 530 ppm). Therefore, the room for change is rather limited, an example that responsibilities are common but (very) differentiated.
The main differences between these two scenarios are in energy and environmental indicators. The combined effort to reduce the rate of economic growth and increase the rate of growth of energy efficiency generates a significant reduction in global CO 2 and per capita emissions ( Figures 5 and 6 ). In fact, in 2036, CO 2 emissions per capita under the COP21 scenario are 27.8% lower than the per capita emissions of the BaU scenario, while total CO 2 emissions are 27.3% lower. On the other hand, Table 9a ,b shows that, to meet the commitments of COP21, e orts to increase energy e ciency are of great magnitude. For exam ple, according to our econometric estimates, were countries to reduce their economic growth to what is assumed for this scenario, energy e ciency growth should increase 1.5% in all countries to fu l l the emissions reductio ns commitment. That is, high-income countries should increase their energy e ciency growth 2.5 times, medium-high and low income countries should double their energy e ciency, and medium-low income countries should increase it by 53%. On the other hand, the la st two graphs show that the e ort to slow down On the other hand, Table 9a ,b shows that, to meet the commitments of COP21, e orts to increase energy e ciency are of great magnitude. For exam ple, according to our econometric estimates, were countries to reduce their economic growth to what is assumed for this scenario, energy e ciency growth should increase 1.5% in all countries to fu l l the emissions reductio ns commitment. That is, high-income countries should increase their energy e ciency growth 2.5 times, medium-high and low income countries should double their energy e ciency, and medium-low income countries should increase it by 53%. On the other hand, the la st two graphs show that the e ort to slow down On the other hand, Table 9a ,b shows that, to meet the commitments of COP21, efforts to increase energy efficiency are of great magnitude. For example, according to our econometric estimates, were countries to reduce their economic growth to what is assumed for this scenario, energy efficiency growth should increase 1.5% in all countries to fulfil the emissions reductions commitment. That is, high-income countries should increase their energy efficiency growth 2.5 times, medium-high and low income countries should double their energy efficiency, and medium-low income countries should increase it by 53%. On the other hand, the last two graphs show that the effort to slow down economic growth and increase energy efficiency must be permanent, i.e., it should go beyond 2030. Otherwise, CO 2 and GHG emissions will immediately resume their growing trends.
Even assuming that global CO 2 emissions stabilize at a certain value, for instance the value of 38.0 Gigatons from 2025, thermodynamics would imply that the flow would be absorbed by the good sinks (forests) or bad ones (oceans and soil, increasing the oceans acidity) or would be accumulated in the atmosphere (accentuating the greenhouse effect and climate change). The planet would not reach a stationary state in terms of emissions (when total emissions are absorbed by sinks), but rather would see CO2 concentration in the atmosphere rising over time. Figure 7a ,b presents CO 2 emissions per capita and total CO 2 emissions for the four income groups under the Business as Usual scenario.
Results by Income Group
There is a big difference in CO 2 emissions in per capita terms among the four groups. The relation of higher income resulting in higher emissions is maintained, however the gap between higher income and upper middle income countries is closed from 2030 onwards, according to our simulation. On the other hand, the gaps among upper middle income countries, lower middle income and low income not only remain, but even grow over time. Low income countries, however, are characterized by very low levels of CO 2 emissions per capita. The final outcome is that the growth in per capita emissions at world level is 1.3% per year. Figure 8a ,b presents CO 2 emissions per capita and total CO 2 for the four income groups under the COP21 scenario. Figure 8a shows the effects of the Intended Nationally Determined Contributions. The main efforts fall upon high income countries, which should almost halve their emissions, although they are still above the world's average emissions. Upper middle income countries, despite the reduction in the growth path for emissions, would become the group with higher emissions per capita. Lower mid-dle income and low income countries, despite maintaining their trend in the growth of emissions, would have lower than the average emissions per capita. The global average remains almost stable, keeping the average for the period 2010-2015, that is, 5.0 tons per capita.
Including population into the analysis shows the net effect on high income countries, which would see a reduction in total emissions. Upper middle income and lower middle income countries, however, would increase their emissions 1% and 4.3%, respectively. The impact of low income countries would be even more reduced than in the BaU scenario, accounting for only 0.4% of global emissions, on average.
Estimated Toxic Income
Mean toxic income. Under the assumptions of BaU scenario, at the critical time t* = 2033, the mean value for toxic income would be Y* pc = 14,208 (in constant 2010 USD). For the COP21 scenario, the critical period is t* = 2036 and the mean of the toxic income decreases slightly to a Y* pc = 13,433 (in constant 2010 USD). That is, a reduction of only 5.4% (complete results can be seen in Appendix B). Figure 9 shows that GDP per capita during the whole period of the simulation is lower in the COP21 scenario than in the BaU scenario. This result comes from the assumptions made regarding economic growth. The economic growth rate for high income countries is reduced because global GDP per capita is also reduced. This reduction, however, is small, at 5.4%, due to inequality in the distribution of income. In relation to toxic income distribution, there are small differences between the BaU scenario and the COP21 scenario in the relative frequency and the probability density function.
It is worth mentioning that, in the period between 2014 and 2033 or 2036, income inequality is reduced. The explanation is the deceleration observed in both high income countries and upper middle income countries combined with the increase in the growth rate for lower middle income countries and low income countries. The Gini coefficient goes from 0.6225 in 2014 to 0.5613 in 2033 (BaU scenario) and 0.5602 in 2036 (COP21 scenario).
Historical Responsibilities Related to Toxic Income
We defined toxic income as the level of per capita income that would generate levels of GHG emissions incompatible with the maintenance of climate change under control. Under this framework, which would be the common but differentiated responsibilities that have driven income to become toxic?
The initial concentration level for GHG (PPM0 in Figure 3 ) is one the factors that determines the critical level of concentration in this analysis. According to the literature [38] , between 1750 and 2014 the world emitted 1.5 million Gt of CO2. According to our simulation, in the BaU scenario (2015-2033), cumulated CO2 emissions would total 885 thousand Gt, whereas, under the COP21 scenario (2015-2036), CO2 emissions would be 871 thousand Gt. Under the assumption that GHG emissions are proportional to CO2 emissions, emissions in the critical period t* would be distributed as indicated in Table 10 . Historical responsibilities for CO 2 emissions are absolutely differentiated. High income countries are responsible for 59.1% of cumulated CO 2 emissions, whereas the upper middle income group of countries is responsible for 28.3% of cumulated emissions. Both lower middle income group and low income group combined would represent only 8.1% of cumulated emissions. The inequality is even more noticeable if we consider that high income countries only represented 16.2% of world population in 2014.
The results for both simulation scenarios do not differ much. If we add historical data on emissions, the differences are even smaller. For instance, adding historical emissions in the case of the COP21 scenario, the share of cumulated GHG emissions by income group would be the following: 45.2% for high income countries; 36.4% for upper middle income countries; 13.2% for lower middle income countries; and 0.6% for low income countries.
This very same inequality in the distribution of emissions among income groups can be seen when we compute the average per capita emissions per year (historical plus simulated) for both scenarios, as presented in Table 11 .
Under the COP21 scenario, which is the one with less inequality, between years 1751 and 2036, a citizen of a high income country would have emitted twice the amount of CO 2 as a citizen of an upper middle income country; 5.8 times more emissions than a citizen of a lower middle income country; and 38.5 times more emissions than a citizen from a low income country. Table 12 shows the inequality in income among the different groups. As in the previous case, a citizen of a high income country, under the COP21 scenario, would have an average income in the critical period t* (2036) 4.1 times higher than a citizen from a upper middle income country; 13.6 times higher than a citizen from a lower middle in-come country; and 73 times higher than a citizen from a low income country.
The dynamics of current economic growth generates pollution and social inequality. This is the essence of toxic income at the world level. Source: [ 21] , Simulation model.
Conclusions and Policy Implications
If nothing changes in the midterm, in about 14 years, the threshold for critical concentration in the atmosphere will be reached. This result makes us believe that INDC need to become mandatory commitments for the different countries. The impact of INDC on global CO 2 emissions is noticeable. INDC are not mandatory, but voluntary measures. If implemented, the environmental consequences would be very positive. There is a need for combining energy efficiency measures in productive processes with moderation in consumption and in population growth, as well as reducing economic growth. That decrease in growth is what Tim Jackson calls "prosperity without growth" for rich countries [39] : productive restructuring of developed economies towards economic sectors with lower environmental impact. Low-middle income and especially low income countries would still be able to grow, in per capita terms, to guarantee decent living standards for their citizens.
Global responsibilities of developed economies need not only be directed to avoid their own CO 2 emissions and mitigating environmental impacts, but also to help to reduce CO 2 emissions of the rest of the countries, especially in developing countries, and to improve living conditions in these countries. This can only be possible through scientific and technological cooperation and transfer of technology from the North to the South. This is the least that can be demanded in light of differentiated responsibilities, which are based on the historical contribution of rich countries to current concentration levels of greenhouse gases in the atmosphere.
The analysis shows that, if current trends of population growth, income, emissions per capita and energy efficiency will be maintained, at some point, by 2033, the critical threshold for mean toxic income per capita of Y p * c = 14,208 (in constant 2010 USD) would be reached. This means that any income level above that value could be considered as toxic income, as it would go hand in hand with CO 2 emissions and greenhouse gases concentration levels above 530 ppm, which inevitably would increase global mean temperature threshold above 2 º C.
The distribution of toxic income additionally shows the high level of inequality that characterizes the world (Gini = 0.5602). Combating climate change needs to go hand in hand with fighting income inequality at a world level, giving room for economic development of poorer and more vulnerable countries.
The essence of toxic income is pollution and inequality.
INDCs presented at the last COP21 in Paris in December 2015 [37] , need to become mandatory commitments for the different countries. After 2030, the world will need to enter a path of decreasing global and per capita CO 2 emissions that will require a transition of our energy and transport sectors towards the massive use of renewable energies.
In this sense, international agreements on climate change, additional to INDC, should include the proposals under C&C and apply them, not just to CO2 emissions as proposed in the past, but also to income levels of countries. Countries with income levels above the critical threshold should contract, allowing countries with income levels below the threshold to converge towards that critical value that would avoid temperature rise above 2 ºC. The verification of the existence of toxic income opens the discussion about the different strategies to confront climate change.
Technology plays a key role in combating climate change. High income countries have both the technology and the economic means to abate GHG emissions, as well as to introduce adaptation and mitigation measures. On the other hand, poor countries lack the technology or the economic resources to confront this pressing problem. World Bank data [21] shows that R&D per capita investment in low income and middle income countries was 16.4 times lower than in high income countries. This translates in low levels of knowledge production. Low income and middle income countries had 251 patent applications per million inhabitants, compared to 1118 applications for high income countries in 2016 [21] . Additionally, another explaining factor is the current asymmetry in the international regime for intellectual property rights, that penalizes poor countries that do not have the resources for protecting their inventions, and that do not have access to new technology due to the high costs of the royalties involved [40] .
In any case, it is the opinion of the authors that future strategies oriented to reduce emissions need to consider the drop in renewable energy costs and therefore the likelihood that these technologies may represent an ever growing share of the energy mix.
As one can see, the consequences would not fall just on energy or climate policy, but also in pursuing certain levels of equality in the world distribution of income, which would be highly desirable. Future research will focus on the depiction of the convergence scenarios for the different groups of countries.
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